Dissociation process of glutathione-gold(I) polymers in aqueous solution resulted in the formation of a class of ~2 nm gold nanoparticles. Different from the same sized but NaBH 4 reduced gold nanoparticles, these nanoparticles exhibit strong luminescence but no surface plasmon absorption. Luminescence lifetimes of the nanoparticles were found strongly dependent on excitation wavelengths, and singlet and triplet excited states involving the emission were found degenerate in energy. X-ray photoelectron spectroscopic studies showed that nearly 40~50% gold atoms in the luminescent nanoparticles were in gold(I) state, which are responsible for the unique optical properties of the luminescent gold nanoparticles. These luminescent nanoparticles can be considered an intermediate state between luminescent gold(I) complexes and reduced nonluminescent gold nanoparticles.
Introduction
Polymeric gold (I) thiolates, with a linear RS-Au-SR motif, are well-known intermediates during the synthesis of monolayer thiol protected gold nanoparticles (NPs). 1-10 After addition of strong reducing agents such as NaBH 4 , gold (I)-sulfur bonds of the polymers are often broken, and reduced gold atoms aggregate to form nanometersized particles through aurophilic interactions. 1 -7 As demonstrated in Brust's studies, the majority of gold atoms in the nanoparticles were in Au(0) state under such strong reducing conditions.1 Since material properties of gold NPs are strongly dependent on the number of free electrons in the nanoparticles,11 valence states of gold atoms are expected to have significant influence on material properties of gold nanoparticles, which, however, is still far from full understanding. Glutathione (GSH) coated gold NPs(GS-AuNPs) have been widely used to probe structureproperty relationships of noble metals on the nano scale. 2, 7 , 12 -20 Size-dependent absorption and fluorescence were observed from different sized GS coated gold nanoparticles. 2 , 7 , 12 -20 Similar to other thiolated ligands, polymeric GS-Au (I) motif was also formed during the synthesis of GS-AuNPs. More recently, it was found that the size of GS-AuNPs can be accurately controlled by simply tuning the sizes of polymeric GS-Au (I) nanoparticles. 7 While strong reducing agents were often introduced to reduce GS-Au (I) polymer into the nanoparticles, GSH itself is also a weak reducing agent and can reduce Au (3+) to Au (0) with a stoichiometric process: 3GSH + Au (3 + ) → Au (0) + 3/2GSSG + 3H + . 12 However, how this reaction influences the stability of polymeric GS-Au (I) thiolates and the formation of gold NPs is still not clear.
Herein, we report our recent discoveries on polymeric GS-Au (I) thiolates. First, while large polymeric GS-Au (I) NPs with size around 100-150 nm were quickly formed after mixing GS with Au 3+ ions, these polymeric NPs were actually not stable in aqueous solution. Some of them continued growing into bigger particles and others slowly dissociated into smaller ~20 nm polymeric NPs, which eventually resulted in the formation of ~2 nm luminescent gold NPs. Second, time-resolved spectroscopic studies on these luminescent gold NPs showed that luminescence lifetimes of the NPs changed from microseconds to nanoseconds when the excitation wavelength was shifted from 420 nm to 530 nm, implying that singlet and triplet excited states are degenerate in the luminescent NPs. Third, X-ray photoelectron spectroscopic (XPS) studies on the valence states of gold atoms in these luminescent gold NPs indicated that nearly 40~50% gold atoms of the NPs are in the gold(I) state, different from the previously reported GS coated gold nanoparticles/clusters created using strong reducing agents. 12-13 , 16 Once these luminescent gold NPs were further reduced by NaBH 4 , the luminescence vanished, further suggesting that the oxidation states of gold atoms in the NPs play a vital role in their optical properties.
Experimental

Chemicals
Tetrachloroauric acid trihydrate (HAuCl 4 ·3H 2 O) and sodium borohydride (NaBH 4 ) were purchased from Fisher Sci. Glutathione in the reduced form (GSH) and other chemicals were purchased from Sigma Aldrich. All the chemicals were commercially available and used as received.
Synthesis of polymeric GS-Au (I) Nanoparticles
GSH aqueous solution (500 µL, 25 mM) was mixed with 500 µL HAuCl 4 aqueous solution at 1: 1 or 1:2 molar ratios, and polymeric GS-Au(I) was formed immediately at room temperature.
Synthesis of GS-coated luminescent gold NPs (GS-AuNPs)
The polymeric GS-Au(I) NPs were found not stable and some of them slowly dissociated at room temperature. The color of solution changed from colorless to pale yellowish after two weeks. The solution was first centrifuged at 21,000 g for 5 min. to remove the large NPs or polymers. The supernatant was further purified by adding a small amount of ethanol into the aqueous solution (the ratio between water and ethanol is 2:1). Under this condition, the luminescent gold NPs were precipitated out of the solution while the free GS and gold ions were still in the solution. The precipitates were then re-suspended in aqueous solution and further purified using a size exclusive column to ensure that all free gold ions or GS were removed. The final product was then precipitated out of the solution by adding ethanol and dried under vacuum for 3 hours.
Equipment
The size distributions of polymeric GS-Au (I) and luminescent nanoparticles in the aqueous solution were determined using Brookhaven 90Plus Dynamic Light Scattering Particle Size Analyzer (DLS). To prepare a TEM sample, GS-AuNP solution was drop casted onto a carboncoated Formvar copper grid, and high resolution transmission electron microscopes (TEM) images of GS-AuNPs were taken using a 200kV Jeol 2100F TEM at 120 kV. The fluorescence spectra were obtained using a Hitachi F-7000 fluorescence spectrophotometer. The UV/Vis absorption spectra of GS-AuNPs were measured using a Varian Cary 50 UV-Vis spectrophotometer. The valence states of GS-Au(I) polymer and GS-AuNPs were characterized using a Perkin Elmer X-ray photoelectron spectrometer (XPS) PHI 5600 ESCA system. Binding energies (BE) of Au 4f 2/7 electrons were used as a signature to characterize Au oxidation states with alkyl chain C 1s BE (284.6 eV) as an internal reference. Lifetimes of GS-AuNPs were measured using a PTI time-resolved Fluorescence Lifetime Spectrometer.
Results and Discussion
Dissociation of polymeric GS-Au(I) NPs
Consistent with previous observations,1 -10 polymeric GS-Au(I) NPs were immediately formed after mixing HAuCl 4 with GSH at 1:1 ratio, but the sizes of the NPs changed with time. Figure 1 shows the size distributions of the polymeric NPs in aqueous solution measured at the different time points. Right after mixing GS and gold ions, we found that only one polymeric GS-Au(I) component with a mean hydrodynamic diameter (HD) of 120±20 nm was observed ( Fig. 1a ). After 48 hours, not only a larger polymer GS-Au(I) component with a mean HD of 270±60 nm but also a small polymer component with a mean HD around 20 nm were detected ( Fig. 1b ). After two weeks, very large polymers were eventually precipitated out of the solution, and the dominating components left in the solution were~ 2 nm particles and ~50-100 nm polymeric NPs (Fig. 1c ). After removing 50-100 nm polymeric NPs using centrifugation, we added a small amount of ethanol in the solution and obtained yellowish precipitates. The precipitates were then re-suspended in aqueous solution and were further purified using a size exclusive column to ensure that free gold ions or GS were completely removed. DLS studies indicated the final yellow product created at 1:1 ratio of Au and GS was extremely small NPs with a HD of 2.1±0.4 nm (Fig. 1d ). The mean diameter of these NPs was measured to be 1.7 ±0.3 nm using TEM (Fig. 1e ). To further confirm that formation of the small polymer component was due to the dissociation of the large GS-Au(I) polymer, we used a 0.1 µm size cutoff filter to remove small polymers, free GS and gold ions, and only retained a large component with sizes above ~100 nm in the solution (Fig. 1f ). After 24 hours, the small GS-Au(I) polymer with size of ~20 nm emerged again, confirming that small nanoparticles were indeed formed due to the dissociation of the large polymeric NPs (Fig. 1f ). Element analysis of carbon and nitrogen in a dried GS-AuNP sample was used to determine average ratio between gold and GSH ligand. The result showed that GS-AuNPs were composed by 16.52 % carbon and 5.73 % nitrogen. With assumption that only Au and GSH are existed in GS-AuNPs, the ratio of Au and GSH turned out to be 22:10, which is larger than those of Au 25 (SR) 18 ,12, 21-24 Au 38 (SR) 24 25-28 but comparable to Au-thiol ratios ofAu 144 (SR) 60 . [29] [30] 
Photophysical properties of orange-emitting GS-AuNPs
Orange-colored emission with a maximum at 565 nm was observed from these 1.7 nm GS-AuNPs created at a 1:1 ratio of Au to GSH ( Fig. 2a ). Quantum efficiency of these orangeemitting GS-AuNPs was measured to be 4.0±0.4%. The maximum excitation is localized at 420 nm and a Stokes shift of 145 nm is much larger than those of fluorescent gold nanoclusters (~50 nm).13 , 19 , 31 -32 Similar large Stokes shifts were observed from luminescent gold (I) complexes/clusters such as gold(I) sulfido complexes where ligand-metal charge transfer (S→Au) involves luminescence transitions.33 -40 Similar to those luminescent gold(I) complexes, orange-emitting GS-AuNPs at 420 nm excitation also exhibited microsecond luminescence lifetime (1.7µs(79%)/0.35µs(21%)), suggesting that 565 nm emission obtained at 420 nm excitation is derived from triplet excited states (Fig. 2b) . However, different from luminescent gold(I) complexes,33 -40 the lifetimes of 565 nm emission of orange-emitting NPs significantly decreased to 2.8ns(81%)/33ns(19%) when the excitation wavelength was shifted to 530 nm, which is on the same order of fluorescent lifetime of fluorescent gold(0) nanoclusters (Fig. 2c) , where nanosecond emission originates from singlet excited states. 13, 19, [31] [32] [41] [42] Observation of dramatic decrease in luminescence lifetimes at the different excitation wavelengths implies that triplet and singlet excited states in the luminescent gold nanoparticles are degenerate in energy. This observation is consistent with the previously theoretically reported degeneracies between singlet and triplet states in Au 56 clusters. 43 No surface plasmon absorption was observed from these orange-emitting gold nanoparticles (Fig. 2d) , which is different from the same sized but NaBH 4 reduced gold nanoparticles. Since surface plasmon arises from coherent oscillations of free electrons, 11 the lack of surface plasmon in orange emitting GS-AuNPs suggests that some gold atoms are in high oxidation states and fail to provide free electrons. After further reducing GS-AuNPs with NaBH 4 , luminescence of the NPs vanished and a very weak surface plasmon absorption of gold NPs started emerging even though very little change in particle size before and after adding NaBH 4 was observed (Fig. 2d~f ).
XPS Studies of orange-emitting GS-AuNPs
To further confirm the existence of Au(I) in the GS-AuNPs, we used XPS to investigate the valence states of gold atoms in the NPs. As shown in Figure 3 , Au 4f 7/2 binding energy (BE) of the GS-AuNPs is 84.4 eV, which falls in the middle between Au (0) BE (83.8 eV) of reduced 20 nm Au (0) NPs and Au (I) BE (85.0 eV) of polymeric GS-Au(I) NPs, suggesting coexistence of Au (I) and Au (0) in the GS-AuNPs. Once the GS-AuNPs were further reduced using NaBH 4 , the Au 4f 7/2 BE was shifted to 83.9 eV, indicating that a large amount of Au(I) ions are indeed in the NPs and significantly influence BE of Au atoms. After deconvoluting the XPS peak of GS-AuNPs, we obtained two peaks at 84.0 and 85.0 eV, which were assigned to Au(0) and Au(I) respectively. Since BE of metal NPs is size-dependent and BE shifts are inversely proportional to the particle size, 42, 44 -45 Au 4f 7/2 BE of Au(0) of luminescent GS-AuNPs is 0.1eV blue shifted compared to that of reduced ones, suggesting that Au(0) core of luminescent GS-AuNPs is smaller than that of reduced ones. Because intensities of Au 4f 2/7 BE are independent on the valence states, we found that nearly 49% of Au atoms in the orangeemitting GS-AuNPs are in Au (I) oxidation state. Nearly 1:1 ratio between Au(I) and Au(0) atoms in luminescent GS-AuNPs NPs implies that the NPs might be composed of a small Au (0) nano-core coated by GS-Au(I) oligomers. 24 However, further studies are needed to confirm this hypothesized structural model.
Synthesis and characterizations of yellow-emitting GS-AuNPs (YGS-AuNPs)
Emission of GS-AuNPs can be partially tuned by changing the ratio between Au 3+ ions and GS. By adjusting the mixture ratio of GS:Au 3+ to 2:1., we were able to create YGS-AuNPs which exhibited an emission maximum at 545 nm and an excitation maximum around 415 nm (Fig. 4a) . The quantum efficiency of these NPs is about 4.3±0.3%. The mean particle size and HD of the YGS-AuNPs are 2.1±0.4 nm and 2.6±0.3 nm respectively, a little bit larger than orange emitting ones (Fig. 4b-c ). We found that emission lifetimes of YGS-AuNPs were also dependent on the excitation wavelengths: the emission lifetimes were 2.77(78%)/0.70(22%) µs at 420 nm excitation and 4.4(72%)/57.7(28%) ns at 530 nm excitation respectively ( Fig.  4e-f ), suggesting that both triplet and singlet excited states can be involved in the emission and they are degenerate in energy levels. XPS studies showed the Au 4f 7/2 BE of this yellow emitting NPs is 84.3 eV, indicating coexistence of gold(I) and gold(0) in the NPs (Fig. 4d ). After deconvolution of the BE peak of YGS-AuNPs, two peaks at 83.9 and 84.8eV were found, which were assigned to Au(0) and Au(I) respectively. Based on the area ratio between these two peaks, nearly 40% gold atoms in YGS-AuNPs were in the gold(I) state, further indicating that valence states of Au atoms indeed influence the emission of luminescent gold NPs.
A hypothesized optical scheme for luminescent gold nanoparticles
Based on spectroscopic, XPS and EM studies, we hypothesized a possible optical transition scheme for luminescent GS-AuNPs ( Fig. 4-5 ). Similar to previous reported gold nanoclusters, 33 -38 luminescent GS-AuNPs are expected to exhibit d and sp bands. Since the sizes of both orange-emitting and yellow-emitting GS-AuNPs are around 2 nm, the energy level spacing within sp band are too small to give visible emission. 11 As a result, the emission unlikely originates from transitions within sp band but more likely results from transitions between LUMO levels in the sp band and HOMO levels in the d band. Since RS group is a π-acceptor ligand and its p orbitals are higher in energy than the d orbitals of gold(I), 46 the overlapping of these orbitals lead to the formation of ligand-charge transfer excited states.47 -50 Therefore, the dominant microsecond emission obtained from luminescent GS-AuNPs at 420 nm excitation likely originates from the triplet excited states in the sp band which is mixed with p orbitals of sulfur. However, when the excitation wavelength was shifted from 420 nm to 530 nm, the dominant lifetimes of emission with the same energy decreased to 2.4 and 4.4 ns for orange-and yellow-emitting gold NPs respectively, suggesting the emission results from the recombination of singlet excited states and ground states. Dependence of lifetimes on excitation-wavelength suggest that singlet and triplet excited states are degenerate. Differences in emission energies and valence states between orange and yellow emitting gold NPs suggest that the ground and excited states involving in the luminescence are dependent on valence states of gold atoms in the NPs.
While we observed significant influence of gold valence states on optical properties of NPs, quantitative understanding of relationships between valence states and luminescence properties such as emission energy, lifetime in the NPs still needs more investigation. One strategy is to create luminescent gold nanoparticles coated with different ligands. So far, we have tried two ligands: mercaptosuccinic acid and 2-aminoethanethiol. However, we found that neither of them can be used to synthesize luminescent gold NPs with the same quality as glutathione did. A possible reason is that glutathione is a better ligand than those two ligands in partially reducing gold atoms and stabilizing luminescent gold NPs in aqueous solution. We are currently exploring an alternative strategy for the control of surface chemistry of luminescent gold NPs, which will be reported in the future.
Triplet and singlet excited states have been observed from luminescent gold(I) complexes47 -50 and fluorescent gold(0) clusters respectively;13 , 19 , 31 -32 ,41-42 therefore, it is reasonable to observe both triplet and singlet excited states from these luminescent gold NPs with mixed valence states. However, origin of degeneracy of triplet and singlet states in such luminescent gold NPs is still not clear, which might be addressed using ultrafast transient absorption spectroscopy. Since triplet and singlet excited states play important roles in catalysis and bioimaging applications of gold nanoparticles, [51] [52] these luminescent gold NPs with mixed valence states are expected to serve as a new platform for probing these different spin states in a single nanosystem.
Conclusion
Polymeric GS-AuNPs as intermediate states have been widely observed during the synthesis of GS coated gold NPs. We found that these polymer NPs were not stable and dissociated in aqueous solution. The dissociation process resulted in the formation of luminescent gold NPs, which are composed of a large percentage of gold(I) atoms. Dependent on the excitation, both triplet and singlet transitions can involve in the emission processes and they are degenerate in energy levels. These luminescent NPs with mixed valence states can be considered an intermediate state between luminescent gold(I) complexes/clusters and nonluminescent gold NPs, and serve as a new platform for probing optical properties of noble metals on the nano scale. DLS and TEM studies on the formation of GS-Au(I) polymeric NPs and orange-emitting GS-AuNPs (OGS-AuNPs) in aqueous solution. The mean hydrodynamic diameter (HD) of GS-Au(I) polymeric NPs right after mixing HAuCl 4 and GS in aqueous solution was around 120 nm (a); Two components with HDs around 20 nm and 270 nm respectively were observed in the solution after 48 hours (b). After two weeks, two components with HDs around 2 nm and 120 nm were observed in the solution (c). After purification, the HD of OGS-AuNPs in aqueous solution is around 2.1±0.4 nm (d). A typical TEM image of orange emitting GS-AuNPs shows that the mean size of the NPs is around 1.7±0.3 nm (e). To remove the possibility of 2nm component directly grown from free gold ions and glutathione in the solution, we used a size A possible optical transition scheme for orange-emitting GS-AuNPs where the luminescence originates from transitions between d and sp bands. When the NPs are excited at 420 nm, the electrons will be relaxed from triplet states in sp bands to some ground states in d bands, leading to microsecond emission. Once the excitation wavelength is shifted to 530 nm, the electrons will be decayed from singlet excited states in the sp band to singlet states in ground states and give out nanosecond emission. The triplet and singlet excited states in the luminescent gold nanoparticles are degenerate in energy.
